Abstract-In this paper, a novel neural fuzzy control method is proposed to control nonlinear systems. A standard PD-like fuzzy controller is designed and used as a main controller for the system. A neural network controller is added to the reference trajectories to form a neural-fuzzy control structure and used to compensate for time-varying effects. We study two neural-fuzzy control schemes based on two well-known neural network control schemes such as the FEL scheme and the RCT scheme. Those schemes are tested to control the angle and the position of the inverted pendulum and their performances are compared.
I. INTRODUCTION
E ndowing intelligence to dynamical systems has been inspired by an endless desire of human beings to make a human-like system. Two main streams of intelligence are known as a fuzzy logic and a neural network system [1] . Fuzzy control has been known as a quite effective intelligent method for representing human expressions to a dynamical system [2, 3] . Transforming linguistic values into numerical values, a system can be controlled by human intuition such as experience and expertise. Transfer of experiences and intuitions of a human operator is a critical factor to judge the system performance of obtaining the desired response of the dynamical system.
Since the performance of the fuzzy controller relies on the experiences of the operator, a novice fuzzy control operator prefers using a standard PD-like or a PI-like fuzzy controller [3, 4] . Even though standard fuzzy controllers work well under a certain situation, in the most of cases, fuzzy rules are required to be modified and reformulated to get better results. However, designing fuzzy rules is neither easy nor systematic. Even the optimal fuzzy rules have been designed, the performance of the system is not guaranteed until the controller is robust enough to deal with system parameter variation and outer disturbances. So, the way of designing rules is considered as a burden that has to be intelligent [3] . This can be one of defects of the fuzzy control method.
To solve this problem, adaptive techniques have been introduced into the framework of a fuzzy controlled system structure. Designed fuzzy rules are adaptively adjusting according to changes in system parameters and disturbances [5] . The center and end values of the membership functions of fuzzy rules are adjusted to minimize the global errors. In addition, a more intelligent process of setting fuzzy rules has been proposed by reconstructing the fuzzy control structure completely. The neuro-fuzzy control structure has been proposed to mimic fuzzy control process by designing a multi-layered neural network structure. Each layer of a neural network is required to function each process of the fuzzy control such as fuzzification, inference, defuzzification, and so on [6] [7] [8] [9] [10] .
The other aspect of improving performance of the fuzzy control is to use the compensation technique by introducing neural networks [11] . The well-known neural network compensation technique is the feedback-error learning (FEL) scheme. Applying the FEL scheme to a fuzzy controlled system improves the system performance by adding compensating signals at the control input level to achieve the inverse dynamics control.
In this paper, as an extension of our previous works [12] [13] , a novel neural network compensation technique for fuzzy controlled nonlinear systems is proposed. The proposed control technique is formed based on the conventional fuzzy control structure. The proposed technique is same as the FEL in compensating by a neural network, but different in modifying fuzzy rules [14] . The idea of the proposed scheme is that modifying inputs by a neural network compensator result in modifying the fuzzy rules. A neural network controller is added to the reference trajectories to form a neural-fuzzy control structure and used to compensate for time-varying effects. This is known as the reference compensation technique (RCT).
To test the performance of the proposed neural fuzzy control method, the angle and the position of the inverted pendulum are controlled. A generalized PD-like fuzzy controller is used as a main controller even though it can be optimized further. We study two neural-fuzzy control schemes based on two well-known neural network control schemes such as the FEL and the RCT. Performance of each scheme is compared. The fuzzy rule statements are represented as follows: 
A. FEL based neural network-fuzzy control
The control structure of the FEL based fuzzy control is depicted in figure 3 [11] . Neural network compensating signals are added to the control input level. Neural network outputs u are generated to minimize the system error u . To adjust a neural network on-line, the back propagation algorithm is developed. The objective function to be minimized is defined as follows . (9) ) (
Even though values of k are not known exactly, those gains can be selected by a user's intuition.
The training signal is defined as
The control input u is the sum of the fuzzy control u and the neural network output u .
f N Note that the training signal can be formed if the system output is available.
The objective function to be minimized is defined as
To obtain the gradient of E with respect to the weight w
The gradient for the back-propagation algorithm can be obtained as 
The training signal is available from the fuzzy controller output. Equation (5) can be used in the weight update equation. 
B. RCT based neural fuzzy control scheme
The reference compensation technique (RCT) is known as one of the on-line learning algorithms for the neural network training [12] [13] . One typical advantage of the RCT is that a neural network can compensate for uncertainties without modifying the internal controllers as shown in figure 4.
V. SIMULATION RESULTS

A. Simulation setup
The RCT based fuzzy control structure is depicted in figure 5 in detail. 
where is output of a neural network. 
The output of the fuzzy PD controller can be represented as
, (7) Three schemes are tested. First, the general PD-like fuzzy control scheme is tested. Even though modifying fuzzy rules for an inverted pendulum control may improve the performance better, the generalized PD-like fuzzy controller is used. Second, the FEL based fuzzy control scheme is tested. An output of a neural network is added to the output of the fuzzy controller to compensate. Third, the RCT based fuzzy control scheme is tested. Outputs of a neural network are added to input trajectories. The training signals may have variations. Each scheme is tested for the same control objective of balancing and tracking control of the inverted pendulum.
where are constants that are determined by fuzzy rules
be the torque of the system. Then equation (7) becomes
Rearranging (8) yields
B. Balancing control of the pendulum
3) RCT based fuzzy control (1) The learning rate is 0.05, a momentum term is 0.1, the number of hidden layer units is 4, and NN outs are scaled down by (1)*1/200, and (2)*1/100. The learning signal is defined as The learning rate is 0.05 and a momentum term is 0.1. The number of hidden layer units is 6, and an NN out is multiplied by 5. Figures 8 and 9 show performances by the compensation of the FEL based fuzzy control. . Figures 12 and 13 show the similar performance of the previous RCT scheme 1. We see that the neural network generates compensating signals bounded by 1 . Whenever step input commands are changed, larger compensating signals are generated. When velocity errors are used in the training signal, tracking performance is worse than that of without velocity term. One of reasons is that the velocity approximation by the finite difference method is noisy. But, tracking performance is better than that of the FEL based control scheme.
VI. CONCLUSIONS
This paper presents a new method of compensating for uncertainties in the fuzzy controlled nonlinear dynamical system. Neural networks are used as an auxiliary controller for the standard PD-like fuzzy controllers. Two schemes, the FEL based fuzzy control and the RCT based fuzzy control, are tested. Performances of two schemes are better than that of the PD-like fuzzy control by itself. Among several schemes, the RCT based fuzzy control method shows the best performance in controlling the pendulum angle as well as in regulating the cart position. 
